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ABSTRACT
We point out one of the possible sources of the ”NuTeV anomaly”: the effect
of the non-adequate application of the one-loop electroweak radiative correc-
tions including QED hard photon emission derived by Bardin and Dokuchaeva
(1986) in the NuTeV radiative corrections data analysis of deep inelastic neu-
trino and anti-neutrino deep inelastic scattering.
The NuTeV collaboration1 has made a precise determination of the weak mixing
angle by measuring charged and neutral current cross sections from neutrino and anti-
neutrino deep inelastic scattering (DIS) on iron. Their value differs by 3 standard
deviations from that obtained from measurements at the Z pole.
A precise determination of the on-shell weak mixing angle has been performed
by the NuTeV collaboration for the first time through the measurements of the
Pashos-Wolfenstein ratio2:
R− =
σ(νµN→ νµX)− σ(ν¯µN→ ν¯µX)
σ(νµN→ µ−X)− σ(ν¯µN→ µ+X)
. (1)
The NuTeV collaboration finds sin2 θW = 0.2277± 0.0016 which is 3.0 σ higher
than that obtained from the Standard Model predictions.
From this experimental value one obtains the mass of MW boson
1
MW = 80.14± 0.08 GeV (2)
which is smaller than other measurements of MW at LEP/SLD and the Tevatron
(Fig. 1).
The radiative corrections (RC) are important for the higher statistics experi-
ments and dependent of the methods used to extract the wanted cross section from
the data.5,6
W-Boson Mass  [GeV]
mW  [GeV]
80 80.2 80.4 80.6
c
2/DoF: 1.1 / 1
TEVATRON 80.429 ± 0.039
LEP2 80.376 ± 0.033
Average 80.398 ± 0.025
NuTeV 80.136 ± 0.084
LEP1/SLD 80.363 ± 0.032
LEP1/SLD/mt 80.360 ± 0.020
Fig. 1. The results of the direct measurements of MW at LEP2/Tevatron are compared with
the indirect determinations at LEP1/SLD and in the NuTeV experiment.3,4,1
Here we point out one of the possible sources of the ”NuTeV anomaly”: the effect
of the non-adequate application of the Fortran program NUDIS8 for the calculations of
the electroweak RC to the inclusive cross section of deep inelastic νµ(ν¯µ)N -scattering
in the data analysis of neutrino and anti-neutrino DIS in the NuTeV experiment.1
This effect we consider as the most promising effect9 that might reconcile the NuTeV
measurement with the precise measurements near the Z pole.
The RC produce a shift of the extracted on-shell weak mixing angle sin2 θW
7,8,10
∆sin2 θW =
1
2
− sin2 θW +
20
27
sin4 θW
1− 40
27
sin2 θW
(δRν
NC
+ δRν
CC
) , (3)
where δRν
NC
+ δRν
CC
is the total electroweak RC 8 to Rν13
Rν =
σν
NC
(νµN → νµX)
σν
CC
(νµN → µ−X)
, (4)
and
δRνNC =
σCorr.νNC − σ
Born
νNC
σBornνNC
, δRνCC = −
σCorr.νCC − σ
Born
νCC
σBornνCC
(5)
are the corrections to the NC and CC cross sections.
The main contribution to the total RC arises from δRν
CC
,8,10–12 i.e. from the
charged current events in the neutrino DIS:
νµ(k1) +N(p1)→ µ
−(k2) +X(p2). (6)
The electroweak RC to DIS have two different parts - weak RC and QED
RC. The contribution of the weak RC does not depend from the event selection
in the experiment, but the contribution of the QED RC depends significantly on the
measured kinematical quantities. The contribution of the QED RC is a complicated
function of kinematical variables used in the cross section measurement: the radiative
corrections calculated in a different set of variables can have a completely different
value and behavior17,18 because of the different bremsstrahlung contribution to (6)
from the process:
νµ(k1) +N(p1)→ µ(k2) +X(p2) + γ(k). (7)
with non-observed photon(s).
If the initial energy of neutrino Eν in the lab. frame is known the fixed tar-
get experiments on the neutrino DIS could use only two additional experimentally
measured quantities to determine the kinematics of the events.
By measuring the energy Eµ and the angle θµ of the scattered charged lepton
the analysis of deep inelastic events will then be based on the evaluation of, the
so-called invariant leptonic variables:
Q2l = −(k1 − k2)
2, yl =
p1(k1 − k2)
p1k1
, xl =
Q2l
Syl
(8)
with
S = (k1 + p1)
2 ≃ 2MEν , (9)
where M is the mass of nucleon.
In the same manner, by measuring the energy Eh and the angle θh of the hadron
jet the analysis of deep inelastic events could be based on the evaluation of, the so-
called invariant hadronic variables17:
Q2h = −(p2 − p1)
2, yh =
p1(p2 − p1)
p1k1
, xh =
Q2h
Syh
. (10)
In the composition of both measurements there are many possible sets of vari-
ables. One set is, the so-called invariant mixed variables:
Q2m = Q
2
l , yh =
p1Qh
p1k1
, xm =
Q2l
Syh
. (11)
The general formula17 for the radiatively corrected neutrino DIS cross section
in terms of leptonic variables can be represented as the sum of the Born distribution
with the contributions due to virtual loop diagrams and real hard photon emission:
d2σRC
dxdQ2
=
d2σBorn
dxdQ2
(1 + δV (x,Q2)) +
∫ ∫
dxhdQ
2
h H(x,Q
2, xh, Q
2
h)
d2σBorn
dxhdQ2h
(12)
The part of (12), proportional to δV (x,Q2), contains the contributions from the
EW and QED loop corrections and from the soft part of the real photon radiation.
The second part accounts for the bremsstrahlung contribution (7) where the function
H(x,Q2, xh, Q
2
h) is the hard photon radiator.
The explicit formulae for δV (x,Q2) and H(x,Q2, xh, Q
2
h) are derived in the
unpublished communication8 in the framework of the quark-parton model and in the
approximation of the four-momentum contact interaction neglecting the terms of the
order αQ2/M2W . Moreover, in
8 for the density function of the initial quark in the
nucleon fi(x,Q) the scaling approximation is used which simplifies the calculation of
the twofold integral in (12).
It is worth to note, that the twofold integral in (12) depends on the structure
functions of the nucleon, not only at a given F (x,Q2) point, but in the physical region
of (xh, Q
2
h) defined by the kinematics of the process (7) in leptonic variables
17
(Fig. 2.)∗.
Fig. 2. Integration region of (xh, Q
2
h) for the DIS cross section in leptonic variables.
The integration region of (xh, Q
2
h) accounts for the contribution of the radiative
process (see Fig. 3) to the inclusive cross section of the CC and NC DIS and is
described by the Bjorken variables:
x ≤ xh ≤ 1, 0 ≤ yh ≤ 1, M
2 ≤ M2h ≤ W
2, (13)
∗The kinematical boundaries Q2hI,II are defined by formula (B.17) of .
17
where the invariant masses M2h and W
2 of the hadronic final state are defined as
M2h =M
2 +Q2h
(
1− xh
xh
)
, W 2 =M2 +Q2l
(
1− xl
xl
)
. (14)
νµ(~k1) µ
−(~k2, mµ)
N (~p1,M) X(~p2,W )
Q2l
❍
❍
❍❍❥
❍
❍
❍❍✟
✟
✟✟✯
✟
✟
✟✟
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
③❍
❍
❍
❍
❍
❍
❍
❍
❍
❍
❍
❍
❍❍
⑦
✟
✟
✟✟✯
✟
✟
✟✟❍❍
❍❍❥
❍
❍
❍❍
Virtual loop diagrams
νµ(~k1) µ
−(~k2, mµ)
N (~p1,M) X(~p2,Mh)
Q2l
γ (~k)
❍
❍
❍❥❍
❍
❍
❍
r✂✁✄ ✂✁✄ ✂✁✄ ✂✁✄ ✂✁✄ 
✟
✟
✟✟
✟
✟
✟
✟✯
r
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
③❍
❍
❍
❍
❍
❍
❍
❍
❍
❍
❍
❍
❍❍✟
✟
✟✟✯
✟
✟
✟✟❍❍
❍❍❥
❍
❍
❍❍
Initial quark radiation
νµ(~k1) µ
−(~k2, mµ)
N (~p1,M) X(~p2,Mh)
Q2l
γ (~k)
❍
❍
❍❍❥
❍
❍
❍❍✟
✟
✟✟✯
✟
✟
✟✟
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
③❍
❍
❍
❍
❍
❍
❍
❍
❍
❍
❍
❍
❍❍
r
✟
✟
✟✟✯
✟
✟
✟✟❍❍
❍❍❥
❍
❍
❍❍
✂✁✄ ✂✁✄ ✂✁✄ ✂✁✄ ✂✁✄ r
Final quark radiation
νµ(~k1) µ
−(~k2, mµ)
N (~p1,M) X(~p2,Mh)
Q2h
γ (~k)❍❍
❍❍❥
❍
❍
❍❍✟
✟
✟✟✯
✟
✟
✟✟
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
✄✂ ✁
③❍
❍
❍
❍
❍
❍
❍
❍
❍
❍
❍
❍
❍❍
r
✟
✟
✟✟✯
✟
✟
✟✟❍
❍
❍❍❥
❍
❍
❍❍
✂✁✄ ✂✁✄ ✂✁✄ ✂✁✄ ✂✁✄ r
Muon radiation
Fig. 3. Virtual loop and bremsstrahlung diagrams contributing to deep inelastic
νµN -scattering .
From the studies of the RC for DIS 17 it is known that the large radiative
corrections are due to the emission of hard photons (the twofold integral in (12)).
For the hard bremsstrahlung (7) the minimum of Q2h is
(Q2h)min ≃ x
2
lM
2
h . (15)
This formula shows that the calculation of the contribution from hard photon
emission demands the knowledge of the nucleon structure functions in the region
Q2 → 0.
The NuTeV experiment uses14 the computer program ZFITTER15 for the cal-
culation of the electroweak corrections and the formulae of Bardin and Dokuchaeva8
implemented in the Fortran program NUDIS8 which contains the virtual loop cor-
rections and the bremsstrahlung contribution (Fig. 3) in leptonic variables without
applying a cut on photon kinematics†.
The semi-analytical program NUDIS calculates the RC factor of the order O(α)
to the inclusive differential cross section d2σ/dxdQ2 of neutrino and anti-neutrino CC
and NC DIS at fixed energy of the neutrino beam.
In reality, the initial energy of neutrino Eν is measured for each selected event. In
the NuTeV16 the three experimentally measured quantities are: Eµ and θµ, the energy
and the scattering angle of the outgoing muon, and EHAD, the energy deposited in
the target calorimeter which includes the energy of the hadronic final state Eh and
the energy of the emitted photon Eγ :
EHAD = Eh + Eγ, (16)
Then for this event the initial neutrino energy Eν is calculated by:
Eν = Eµ + EHAD (17)
The measurement of EHAD for the event selection
16 means the detection of
real hard photons with the energy Eγ > E¯γ , where E¯γ is the photonic calorimeter
threshold.
Therefore, the contribution of such hard photons to the inclusive cross section
of DIS should be subtracted from the bremsstrahlung integral in (12). This implies
the integration in (12) over the physical region (xh, Q
2
h) restricted by the following
condition:
Q2h/xh ≥ Q
2
l /xl − 2ME¯γ (18)
This is the main point of the non-adequate application of the formulae of Bardin
and Dokuchaeva and the Fortran program NUDIS in the radiative corrections analysis
of the NuTeV experiment.
We anticipate substantial change of the value of the radiative correction factor
δ(x,Q2):
δ(x,Q2) =
d2σRC/dxdQ2
d2σBorn/dxdQ2
− 1 (19)
for the inclusive cross section of the CC and NC DIS and for the values of δRν
CC
and
δRν
NC
by adequate calculation of the contribution of hard photon emission.
†With the exception of a cut on the energy of final hadrons Eh > 10 GeV .
The recent re-calculation of the electroweak RC to neutrino DIS 11 includ-
ing higher order contributions and different scheme of the subtraction of the mass
singularities is performed for the hadronic variables and is used in the experiment
NOMAD.19 The size of the QED RC to the CC scattering in hadronic variables are
much smaller than the corrections in leptonic variables.11
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